Abstract -When distributed generators such as photovoltaic (PV) systems spread widely in distribution networks, it is important to detect islanding caused by power system fault for ensuring electrical safety. We developed the nonlinear magnetizing characteristics model of a pole transformer for analyzing islanding-prevention of PV system. Basic experiments of the islanding-detection were conducted by using the RLC resonant circuit for verification of the developed model. Analytical results by the proposed model agreed well with experimental results.
Introduction
When distributed generators (DGs) such as photovoltaic (PV) systems spread widely in distribution networks, it is highly probable that the output power of DGs and the load power will balance. Thus, it is important to detect islanding caused by power system fault for ensuring electrical safety. When the fundamental component of line voltage and frequency does not change before and after islanding, one of the effective detection principles for islanding-prevention is to detect harmonic voltage changes caused by nonlinear magnetizing characteristics of a pole transformer. The examples using the harmonic detection principle are "the 3rd harmonic voltage detecting method (passive method) [1] , [2] " and "Frequency feedback method with step reactive power Injection (new active method) [3] , [4] " which was developed for clustered installation of PV systems. The former is useful in single phase circuit, but is not effective in three phase balanced circuit. The latter can cause the frequency change by step injection of reactive power after detecting more than 1% change of total harmonic voltage distortion. But since the resonant circuit [5] , [6] suppresses the harmonic voltage change, the latter has possibility of extending the detection time. Therefore, it is important to clarify quantitatively the harmonic voltage changes caused by the pole transformer in order to ensure islanding-prevention. In this paper, we propose the nonlinear magnetizing characteristics model of the pole transformer for analyzing islanding-prevention of PV system. Basic experiments of the islanding detection are conducted by using a pole transformer and the RLC resonant circuit in order to verify the proposed model. Analytical results by the proposed model are compared with experimental results. Moreover we analyze the harmonic voltage in islanding of multiple connected DGs, and a novel islanding-prevention method is also proposed. Fig. 1 shows the islanding experimental circuit to measure the harmonic voltage caused by nonlinear magnetizing characteristics of the pole transformer. The sinusoidal current source J G is treated as a current controlled type inverter for PV system. The output power of J G is equal to the RLC resonant load power and no load exciting power of the pole transformer. Power meter with FFT analysis function is used for measuring the excitation voltage v, the excitation current i and the output current i G . Table 1 and  Table 2 show the specifications of a pole transformer and the iron core, respectively. The maximum flux density B m is 1.7 T at the secondary rated voltage (105 V) of U-N phase. [7] In carrying out the islanding-prevention analysis, nonlinear magnetizing characteristics of the pole transformer are eq. (6) eq. (7) eq.(9)
Experimental and Analytical Methods

Experimental circuit
Proposed model of pole transformer
eq. (6) eq. (7) eq.(9) approximated by Fourier-series [7] , [9] . Fig. 2 shows the calculation flow chart. We neglect the leakage flux and the winding resistance because the voltage drop due to the excitation current is less than 0.05%. For simplicity, we assume that the flux distribution in the iron core is uniform.
The maximum harmonic order n is 19 including 3% or more components of the excitation current. We treat k as the positive odd number. The excitation voltage v is defined by Eq. (1). The harmonic effective voltage V k and phase angle θ vk are calculated from Eq. (2) and Eq. (3), respectively.
Where, V ck , V sk are the k-th Fourier coefficients of v. Flux density B is obtained by Eq. (4).
Where, B ck , B sk are the k-th Fourier coefficients of B. A is the effective cross section area of the iron core. N is the number of turns in the secondary winding of the pole transformer.
B m is obtained from the maximum value of B. The magnetic field strength H is represented by Eq. (5).
Where, H h is the magnetic field strength caused by DC hysteresis properties. H e is the magnetic field strength caused by eddy current. H ck , H sk are the k-th Fourier coefficients of H. Using the phase angle φ(t) = sin
H h is defined by the function f(φ) shown in Eq. (6) . H e is defined by Eq. (7). (6) is converted into the function F(t) defined by Eq. (8).
Where, H h_ck , H h_sk are the k-th Fourier coefficients of F(t), and are determined by Discrete Fourier Transform [5] , [8] . The excitation current i is obtained by Eq. (9).
Where, I ck , I sk are the k-th Fourier coefficients of i. l is the mean magnetic path of the iron core. The harmonic effective current I k and phase angle θ ik are calculated from Eq. (9). Fig. 3 shows the islanding equivalent circuit of harmonic area of Fig. 1 . Since the carrier frequency of actual PV system is sufficiently high, we assume the k-th harmonic current I Gk generated by DGs to be zero. We also assume the connected number (n G ) of DGs is 1. Then, the kth harmonic voltage V k is given in Eq. (10) .
Where, Z k is the load impedance for the k-th harmonics. I k is the k-th harmonic current caused by the pole transformer. When the experimental results are compared with the analytical results, we can verify the validity of the proposed model. [1] When the pole transformer is excited with the sinusoidal voltage source (v = V c1 cosωt), Fourier coefficients given in Eq. (6) are equal to those in Eq. (8) . Therefore, we can treat the exciting current harmonic components (I k , θ ik ) as the function of the fundamental voltage V 1 , because B m is proportional to V 1 at constant frequency. In this paper, the conventional method is to analyze the harmonic components of the excitation current as the function of V 1 .
Conventional model of pole transformer
Determination of coefficients for proposed model
In order to determine the coefficients (H hck , H hsk and K e ), the pole transformer is excited with the sinusoidal voltage source (v = V c1 cosωt). Fig. 5 Fig. 7 , K e is nearly constant value. From the above relationship, the coefficients for analysis can be determined. Table 4 is the experimental conditions of the test circuit shown in Fig. 1 . In addition, the experimental results are compared with both analytical results calculated from the proposed model and the conventional model. The validity of both models can be verified. We adjust the RLC resonant load to satisfy the condition of Eq. (14) and Table 4 . Eq. (14) corresponds to the condition of resonant factor = 1 [10] .
Experimental conditions
Where, P G is the output power of the current source. P R is the consumed power of the resistor R. P tr is the iron loss of the pole transformer. Q C is the reactive power of capacitive load C. Q L is the reactive power of inductive load L. Q tr is the exciting reactive power of the pole transformer. Z k is given by Eq. (15) Fig. 9 shows the experimental results of the relation between Z k and the output power of the current source. As the output power decreases, each Z k increases gradually. Z 3 becomes the largest, in the region of low output. (Fig. 8) . Next, when the output power is reduced, each phase angle θ ik of the harmonic current will change in the direction of phase lead from phase lag (Fig.10 (d) , (e) and (f)). Fig.11 shows the experimental and analytical results of the relation between the exciting voltage harmonic components (V k , θ vk ) and the output power of the current source. When the output power decreases, each V k shown in Fig. 11 (a), (b) and (c), increases gradually and rises rapidly in the region of low output less than 0.4 kW. Next, when the output power is reduced, each phase angle θ vk of the harmonic voltage will increase in the direction of phase lead (Fig. 11 (d) , (e) and (f)). Analytical results by the proposed model agreed well with experimental results. 
Experimental and Analytical results
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Harmonic voltage change in the case of multiple connected DGs in islanding
In general, at about 4:00 p.m., the residential average load power and the residential solar output power, tend to be the same amount (nearly 0.5kW) [4] . Thus, the total output power which is equal to the load power can be defined as Eq. (16) .
Where, ΣP G [kW] is total output power of DGs. n G is the number of connected DGs. When we assume that the output power of the current source in Fig. 11 is equal to ΣP G , we can determine n G from Eq. (16). For simplicity, suppose that total harmonic voltage distortion is 0, when DGs are connected to the distribution system of Fig. 3 . We define the islanding detection threshold (V THD ) of the harmonic voltage change by Eq. (17). 
Fig . 13 shows the analytical results of the relation between V THD and n G in the single-phase distribution system in islanding. Here, when n G is larger than 4, we used the conventional method to determine the harmonic voltage components. Moreover, in order to carry out the analysis of the three-phase balanced distribution system, we assumed that zero-phase harmonic components of V k are 0 (k = 3, 9, 15), and applied the harmonic balance method [10] to the proposed method. Fig. 14 shows the analytical results. In case of the single-phase distribution system, from Fig.13 , the maximum number of n G to satisfy V THD > 1%, is 4 at V 1 = 108 V, and is 2 at V 1 = 105 V. On the other hand, in case of the three-phase balanced distribution system, from Fig. 14, the maximum number of n G is 1. But when the threshold is 0.5%, the maximum number of n G becomes 2 at V 1 = 108 V. From above, we clarified that the harmonic voltage caused by the pole transformer in islanding, decreases according to the increase of n G , and it becomes difficult to detect islanding.
Novel active islanding detection method
As a countermeasure, by lowering the detection threshold of harmonic voltage changes, it may help to detect islanding easily, but a miss-operation of the DGs may occur frequently when a disturbance occurs to the distribution system. As a new countermeasure, Fig. 15 active islanding detection method. When using the proposed method of Fig. 2 , the power conditioning subsystem can estimate the exciting current harmonics of the pole transformer by monitoring the line voltage of the interconnection terminal, and generate the harmonic active signals I Gk1 (k = 3 or 5) synchronized to the excitation current harmonic components I k . As an expected result, harmonic voltage changes will be able to increase efficiently before and after islanding, even if the number of connected DGs is increased. Thus, it will be possible to prevent a miss-operation of the DGs and it will make possible the islanding-detection quickly and reliably.
Conclusions
We clarified that the harmonic voltage caused by a pole transformer in islanding, decreases according to the increase of the number of connected DGs, and it becomes difficult to detect islanding. As an effective countermeasure, we proposed the DG which is equipped with a novel islanding detection method using the active signals synchronized to the excitation current harmonic components of the pole transformer. In future work, we will analyze and examine more detailed feasibility of the new active islanding detection method.
